The growth responses of Vibrio parahamolyticus to pH, NaCl concentration and temperature changes were studied using serotype O3 : K6 and other strains. Growth curves were obtained for 27 di#erent sets of conditions, comprised of three levels of NaCl concentration, pH and temperature. The temperature, pH and NaCl concentrations most favorable for growth were in the order of 25ῌ, 20ῌ and 15ῌ, pH 8, 7 and 5.8, and 1῍, 3῍ and 7῍, respectively. The bacteria grew most rapidly at 25ῌ, at a pH of 7 or 8 in the presence of 1῍ or 3῍ NaCl, with the population (initial, ca. 2.5 log CFU/mL) reaching a level log 7 CFU/mL at 12 h. A growth predictive model using the Gompertz equation was generated from the experimental data for any combination of NaCl concentration, pH and temperature within the range used in this study.
Introduction
Outbreaks of Vibrio parahaemolyticus infection linked to contaminated seafoods have been reported worldwide since 1950 1) . Recently, infection rates with V. parahaemolyticus serotype O3 : K6 have increased in South-East and East Asia, and the USA 2)ῌ4) , and therefore e#ective control measures are needed to prevent infection with this serotype. Although growth of other serotypes has already been studied extensively 5) , no information is available on the growth kinetics of the virulent O3 : K6 strain.
To gain insight into the growth characteristics of V. parahaemolyticus, including thermostable direct haemolysin (TDH)-producing O3 : K6 strains, we studied V. parahaemolyticus growth in peptone water at varying temperatures and pH, and in the presence of various concentrations of NaCl. Based on the observed growth curves, a growth predictive model using the Gompertz equation was constructed.
Materials and Methods

Growth kinetics of V. parahaemolyticus
Growth kinetics were studied for four strains of V. parahaemolyticus, including O3 : K6 serotypes, under 27 sets of condition, comprised of combinations of three levels of pH, temperature and NaCl concentration. Strains used included B-52 (O3 : K6, TDH-positive) isolated from a seafood, strain B-53 (O3 : K6, TDH-positive) isolated from a patient, ATCC 17802 (O1 : K unknown, TDH-negative) and strain B-31 (O4 : K8, TDH-positive) isolated from a patient. Before being inoculated into incubation media for growth experiments, each strain was cultured for 24 h at 37ῌ in Bu#ered Peptone Water (BPW, pH 7.2, Oxoid, Unipath Ltd., Hampshire, UK) containing 3῍ NaCl. The incubation medium was prepared by adding KOH (0.1 mol/L) or HCl (0.1 mol/ L) to 1῍ peptone (Oxoid) in phosphate bu#er (285 mmol/L NaH 2 PO 4 , adjusted to pH 7.0 with NaOH) to adjust the medium pH to 5.8, 7 or 8 and by adding NaCl at a concentration of 1, 3 or 7῍ wt/vol. The media were autoclaved at 121ῌ for 15 min. The 24 h culture of each strain was diluted with the incubation medium to the level of ca. 3.5 log CFU/mL, and a 2 mL portion was inoculated into the incubation medium (18 mL), which was then incubated at 15, 20 or 25ῐ. Immediately after inoculation and after 3, 6, 9, 12, 15, 18, 24, 36 and 48 h of incubation, a portion of the incubated medium was removed and diluted if needed, to count V. parahaemolyticus. The diluted or undiluted incubated medium (0.1 mL) was plated onto two plates of thiosulfate citrate bile salts sucrose (TCBS) agar (OXOID). After an 18 h incubation at 37ῐ, colonies were counted.
Growth model
Predictive modeling is a procedure used to measure responses of microorganisms systematically. The modeling is useful for risk assessment 6) , and has been developed for such food-borne pathogens as Salmonella 7) , Listeria monocytogenes 8) , Escherichia coli O157 : H7 9) and V. parahaemolyticus 10) . In this study, a growth model for V. parahaemolyticus including serotype O3 : K6 was generated from the growth data obtained. Growth curves under each condition were fitted to the Gompertz equation by the Marquardt method 11) of preparing a program using F-BASIC compiler language for Windows (Fujitsu Ltd., Tokyo) ( Table 1 ). The goodness of fit of the data to the Gompertz function was assessed in terms of the sum of squares and R 2 (multiple correlation coe$cient). ln(B) and ln(M) were constructed as a function of temperature, NaCl concentration and pH so as to give the best fit to the experimental data. The Gompertz curves were generated by B and M. Either the mean value of the highest population in each growth curve or the highest population in all the growth curves was used as parameter C to give lower root mean square error.
Results and Discussion
The temperature, pH and NaCl concentrations most favorable for growth were in the order of 25, 20 and 15ῐ, pH 8, 7 and 5.8, and 1, 3 and 7ῑ, respectively (Fig.  1) . The bacteria grew most rapidly at 25ῐ, at a pH of 7 or 8, in the presence of 1ῑ or 3ῑ NaCl, with the population reaching a level over log 7 CFU/mL at 12 h (Fig. 1) . Bacterial numbers decreased once, and then increased in the presence of 7ῑ NaCl, indicating that some populations cannot survive in such a high concentration of NaCl, whereas others can survive and multi- The Gompertz eqation: N῏AῌC῎exp{῍exp(῍B(t῍m))} N : log count of bacteria (log CFU/mL) at time t A : log (initial count of bacteria) value of the lower asymptote (asymptotic log-count as t decreases indefinitely) C : difference in value of the upper and lower asymptote (asymptotic amount of growth that occurs as t increases indefinitely) M : the time at which the absolute growth rate is maximal (h) B : relative growth rate at M, [(log CFU/mL)/h] t : time (h) ply. Beuchat 12) reported that the mean of minimum pH of four strains for growth in TSB containing 7ῑ NaCl at 13, 21 and 30ῐ was 5.8, 5.4 and 5.1, respectively. These results are consistent with the results of the present study. Both strains of serotype O3 : K6 grew more rapidly than the other strains in 1ῑ and 3ῑ NaCl at 15ῐ at all pH levels. This may indicate that these O3 : K6 strains can grow better at low temperatures than the other strains.
Recent pandemic outbreaks of O3 : K6 infection might be due to the adaptability of O3 : K6 strains to low temperatures for growth, although further studies using many strains of O3 : K6 and other serotypes are needed to clarify whether this growth characterisitic is serotype-specific.
Of 108 growth curves, 106 were fitted to the Gompertz equation. Two curves were omitted because the solution did not converge. Of the 106 growth curves, 43 gave an R 2 value equal to or larger than 0.7, and gave values of A, B, C and M equal to or larger than 0. From the 43 curves, a generalized Gompertz equation was constructed so that R 2 in ln(B) and ln(M) are as high as possible. As a result, R 2 values in ln(B) and ln(M) were 0.719 and 0.911, respectively ( Table 2 ). The mean value of the highest population appearing in each growth curve was chosen as the value of C, because this value gave a better fit of the experimental data to the equation, rather than the value of the highest population noted in all curves. The generalized Gompertz equation constructed from the 43 growth curves was evaluated by comparing the number of bacteria predicted by the equation with that observed in the growth experiment. The correlation coe$cient was 0.903877 (n῏893), indicating a good fit of the generalized equation to experimental data. It has been reported that the Gompertz growth model provides a good correlation between observed and predicted populations of some bacteria 13), 14) . This growth model may also be useful for predicting the number of V. parahaemolyticus in the case of infection including serotype O3 : K6 under any conditions of pH, temperature and NaCl concentration within the ranges used in this study.
